Mouse hematopoiesis is initiated by long-term hematopoietic stem cells (HSC) that differentiate into a series of multipotent progenitors that exhibit progressively diminished self-renewal ability. In human hematopoiesis, populations enriched for HSC activity have been identified, as have downstream lineage-committed progenitors, but multipotent progenitor activity has not been uniquely isolated. Previous reports indicate that human HSC are enriched in Lin-CD34+CD38-cord blood and bone marrow and express CD90. We demonstrate that the Lin-CD34+CD38-fraction of cord blood and bone marrow can be subdivided into three subpopulations: CD90+CD45RA-, CD90-CD45RA-, and CD90-CD45RA+. Utilizing in vivo transplantation studies and complementary in vitro assays, we demonstrate that the Lin-CD34+CD38-CD90+CD45RA-cord blood fraction contains HSC, and isolate this activity to as few as 10 purified cells. Furthermore, we report the first prospective isolation of a population of candidate human multipotent progenitors, Lin-CD34+CD38-CD90-CD45RA-cord blood.
INTRODUCTION
Hematopoiesis proceeds through an organized developmental hierarchy initiated by hematopoietic stem cells (HSC) that give rise to progressively more committed progenitors and eventually terminally differentiated blood cells (Bryder et al., 2006) . Although the concept of the HSC was not new, it was not until 1988 that it was shown that this population could be prospectively isolated from mouse bone marrow on the basis of cell-surface markers using fluorescence-activated cell sorting (FACS) (Spangrude et al., 1988) . Since that time, the surface immunophenotype of the mouse HSC has become increasingly refined, such that functional HSC can be isolated with exquisite sensitivity, resulting in a purity of 1 in 1.3 cells (Kiel et al., 2005) . While our ability to prospectively isolate mouse HSC has improved dramatically over the past 20 years, our understanding of the earliest events in the human hematopoietic system lags far behind.
Both in vitro and in vivo experimental approaches have been utilized to identify human HSC (Kondo et al., 2003) . The best in vitro assay of HSC activity is the long-term culture-initiating cell assay (LTC-IC), which requires culturing of cells on bone marrow feeder cells to identify those capable of producing hematopoietic cells for 6 weeks or longer (Sutherland et al., 1989) . Using this technique, candidate human HSC were identified by virtue of expression of CD34 and CD90 (Thy1) and lack of lineage markers (Lin-) (Baum et al., 1992; Craig et al., 1993) . Other studies using the LTC-IC assay localized human HSC activity to the Lin-CD34 +CD38-/lo fraction (Kondo et al., 2003) . Although these in vitro assays provide important information regarding lineage potential and possibly self-renewal, it is clear that definitive demonstration of HSC function requires an in vivo assay.
Several in vivo models have been utilized to study human hematopoiesis. McCune and colleagues used the SCID-hu mouse model to identify human HSC activity among Lin-CD34 +CD90+ cells (McCune et al., 1988; Murray et al., 1995; Peault et al., 1993) . Dick and colleagues initially used SCID/beige/XID, and more recently NOD/SCID mice, to assay normal human progenitor subpopulations . By assessing long-term multipotent human hematopoiesis in recipients and the ability to form secondary and tertiary transplants, human HSC were found to reside in the Lin-CD34+CD38-/lo fraction of human progenitors (Bhatia et al., 1997; Cashman et al., 1997; Hogan et al., 2002) . Recently, the NOD/ SCID/IL-2R γ -null strain (NOG) strain was shown to exhibit significantly higher engraftment potential than other immunodeficient mouse strains when transplanted with human hematopoietic progenitors . Transplantation of 20,000 Lin-CD34+CD38-human cord blood cells into sublethally irradiated newborn pups resulted in multi-lineage engraftment, with significant numbers of human cells present in the peripheral blood (Ishikawa et al., 2005) . Perhaps the best in vivo demonstration of HSC function comes from human trials of autologous mobilized peripheral blood in clinical transplantation, where long-term engraftment was provided by transplantation of purified CD34+CD90+ cells (Michallet et al., 2000; Negrin et al., 2000; Vose et al., 2001 ). Together, these in vivo studies support the idea that human HSC are contained in the Lin-CD34+CD38-CD90+ fraction of hematopoietic cells.
HSC are defined on the basis of two key properties: (1) multipotency, defined as the ability to form all differentiated blood cells, and (2) long-term self-renewal, defined as the lifelong ability to give rise to progeny identical to the parent through cell division. HSC are the only hematopoietic cells that possess these two properties; however, there are hematopoietic cells that are multipotent, but not capable of long-term self-renewal, termed multipotent progenitors (MPP). MPP lie immediately downstream of HSC within the hematopoietic hierarchy, and have been identified in mouse bone marrow on the basis of their distinct surface immunophenotype (Christensen and Weissman, 2001; Morrison et al., 1997; Morrison and Weissman, 1994) . MPP have yet to be identified within the human hematopoiesis hierarchy, but functional evidence suggests that they exist. Retroviral or lentiviral marking of Lin-CD34 +CD38-/lo cells prior to xenotransplantation allowed investigators to track engrafted cells, resulting in the observation that individual Lin-CD34+CD38-/lo cells had variable self-renewal and proliferation potential Mazurier et al., 2004; McKenzie et al., 2006) . Although it was not determined if the short-term clones were multipotent, these observations suggest that MPP are contained within the Lin-CD34+CD38-/lo fraction of human hematopoietic progenitors.
In this report, we demonstrate that the Lin-CD34+CD38-fraction of human cord blood and bone marrow can be divided into three subpopulations based on expression of CD90 and CD45RA: CD90+CD45RA-, CD90-CD45RA-, and CD90-CD45RA+. Using in vivo xenotransplantation as well as complementary in vitro assays, we show that the Lin-CD34 +CD38-CD90+CD45RA-cord blood population contains human HSC, and isolate this activity to as few as 10 purified cells. In addition, we demonstrate that this population resides at the top of the human hematopoietic developmental hierarchy. Finally, we report the first identification and prospective isolation of a population of candidate human multipotent progenitors, Lin-CD34+CD38-CD90-CD45RA-cord blood.
RESULTS

Identification of CD90/CD45RA Subpopulations of Lin-CD34+CD38-Human Bone Marrow and Cord Blood
Data from multiple investigators indicate that human HSC activity resides in the CD90+ fraction of Lin-CD34+CD38-/lo cells. Using the marker CD45RA, three subpopulations of Lin-CD34+CD38-bone marrow and cord blood were identified: (1) CD90+CD45RA-, (2) CD90-CD45RA-, and (3) CD90-CD45RA+ (Figure 1 ). In the bone marrow these population comprised 30.3 ± 18.9% (CD90+CD45RA-), 37.7 ± 14.1% (CD90-CD45RA-), and 24.7 ± 11.8% (CD90-CD45RA) of Lin-CD34+CD38-cells (n=10). In cord blood, these fractions constituted 25.2 ± 10.3% (CD90+CD45RA-), 49.8 ± 11.4% (CD90-CD45RA-), and 18.4 ± 8.4% (CD90-CD45RA+) of Lin-CD34+CD38-cells (n=22). All three subpopulations were isolated to > 95% purity from cord blood and bone marrow by FACS (Supplementary Figure  1) .
Methylcellulose Colony Formation and Replating of CD90/CD45RA Subpopulations
In order to assess the lineage potential of the CD90/CD45RA subpopulations, each was assayed for in vitro colony formation in methylcellulose. Single cells of each population were sorted into individual wells of a 96-well plate containing complete methylcellulose. In all cases, only a single colony was detected. CD90+CD45RA-cells formed all types of myeloid colonies, as did CD90-CD45RA-cells ( Figure 2A ). No differences were detected in plating efficiency or colony subtype distribution between these two subpopulations; however, the CD90+CD45RA-colonies were generally much larger and faster growing. CD90-CD45RA+ cells formed very few colonies, suggesting that these cells possess limited myeloid differentiation potential.
All colonies derived from individual cells were then harvested, dissociated, and plated in complete methylcellulose in order to determine replating efficiency, an in vitro surrogate for self-renewal ( Figure 2B ). 70% of colonies derived from CD90+CD45RA-cells were able to form new colonies (in most cases, hundreds) upon replating. 33% of colonies derived from CD90-CD45RA-cells were able to form new colonies (in most cases, fewer than 50). None of the colonies derived from CD90+CD45RA-cells were able to form new colonies; however, very few colonies formed in the first plating (n=6). Thus, the CD90-CD45RA-subpopulation is able to form all myeloid cells, but has reduced capacity for self-renewal compared to the CD90+CD45RA-subpopulation, which is presumed to contain HSC.
In Vitro Proliferation and Differentiation Identifies a Hierarchy Among the CD90/CD45RA Subpopulations
The CD90/CD45RA subpopulations were also assayed for in vitro proliferation in serum-free liquid culture. Single cells of each population were sorted into individual wells of a 96-well plate containing serum-free media supplemented with Flt-3 ligand, SCF, TPO, IL-3, and IL-6 and cultured for 2 weeks. At the end of the culture period, live cells were counted. CD90 +CD45RA-cells proliferated extensively with a mean recovery of 345,000 cells; CD90-CD45RA-cells proliferated to a lesser degree with a mean recovery of 67,500 cells; CD90-CD45RA+ cells proliferated poorly with few live cells recovered ( Figure 2C ). These results support the observed differences in methylcellulose colony size and suggest that the CD90-subpopulations are less primitive than the CD90+ subpopulation presumed to contain HSC.
In order to examine the potential hierarchical relationships between the CD90/CD45RA subpopulations within the Lin-CD34+CD38-fraction, each population was sorted in bulk into serum-free media supplemented with cytokines as described above. After four days in culture, the cells were re-analyzed for expression of CD90 and CD45RA ( Figure 2D ). While CD90 +CD45RA-cells gave rise to all three subpopulations, CD90-CD45RA-cells gave rise to both CD90-subpopulations, but not CD90+ cells. CD90-CD45RA+ cells gave rise principally to itself only. Together, these data establish an in vitro differentiation hierarchy in which CD90 +CD45RA-cells give rise to CD90-CD45RA-cells, which in turn give rise to CD90-CD45RA + cells.
Long-Term In Vivo Multipotent Human Hematopoiesis with Transplantation of as few as 10 Lin-CD34+CD38-CD90+CD45RA-Cord Blood Cells
Newborn NOD/SCID/IL-2R γ -null (NOG) mice were used in xenotransplantation assays to determine the differentiation potential and self-renewal ability of the CD90/CD45RA subpopulations. Transplantation of 100 purified CD90+CD45RA-cells resulted in circulating human CD45+ hematopoietic cells at 12 weeks, including both CD13+ myeloid cells, and CD19+ B cells, but not CD3+ T cells ( Figure 3A ). Several of these mice were followed beyond 12 weeks (maximum 30 weeks), and all continued to have detectable human myeloid cells at similar levels in the peripheral blood (data not shown), indicating continued human engraftment. In order to isolate this activity to as few cells as possible, 10 purified CD90 +CD45RA-cells were transplanted. At 12 weeks, few circulating human CD45+ cells were detected, and no CD13+ myeloid cells were present ( Figure 3A) ; however, analysis of the bone marrow showed significant human engraftment with both myeloid and lymphoid cells ( Figure  3A ). Successful long-term human engraftment was observed in 3 out of 10 mice transplanted with 10 CD90+CD45RA-cells, with the 3 successful engraftments coming from independent cord blood samples.
Both CD13+ myeloid cells and CD19+ B cells were detected in the blood and bone marrow of engrafted mice, indicating that CD90+CD45RA-cells possess lymphoid and myeloid potential, and are likely multipotent. Analysis of the spleen from engrafted mice identified human CD45+CD3+ T cells (Supplementary Figure 2) , and staining of the bone marrow with glycophorin-A and CD61/41 identified human erythroid cells and platelets (data not shown). To confirm this flow cytometry-derived lineage analysis, human CD45+ cells from both peripheral blood and bone marrow were FACS-purified and cytospin preparations were stained with Wright-Giemsa. These stains confirmed the presence of mature human lymphocytes, neutrophils, and monocytes in the peripheral blood ( Figure 3B , panels 1-3). In the bone marrow, both lymphocytes and maturing myeloid cells were readily detected ( Figure 3B , panel 4). Collectively, these data indicate that Lin-CD34+CD38-CD90+CD45RA-cord blood cells are capable of establishing long-term in vivo multipotent human hematopoiesis and that this activity can be isolated to as few as 10 cells.
Long-Term In Vivo Multipotent Human Hematopoiesis Requires Transplantation of More CD90-CD45RA-Cells Than CD90+CD45RA-Cells
All three CD90/CD45RA subpopulations of cord blood were purified by FACS and transplanted into NOG mice. Transplantation of both the CD90+CD45RA-and the CD90-CD45RA-subpopulations resulted in detectable human myeloid and B lymphoid cells in the peripheral blood 12 weeks after transplantation ( Figure 4A ). No human cells were detected in the peripheral blood of mice transplanted with the CD90-CD45RA+ subpopulation, even at time points as early as 4 weeks after transplantation ( Figure 4A ). Multiple transplantation experiments were conducted with independent cord blood samples resulting in transplantation of between 100 and 4440 cells of each population ( Figure 4B ). The cumulative data from these experiments showed that 12 of 13 mice (92%) transplanted with CD90+CD45RA-cells, and 15 of 17 mice (88%) transplanted with CD90-CD45RA-cells contained human CD45+ cells in the peripheral blood at least 12 weeks after transplantation ( Figure 4B ). In the engrafted mice, the average human CD45+ chimerism was 3.7% for the CD90+CD45RA-transplants compared to 4.0% for the CD90-CD45RA-transplants; the percentage of myeloid cells among human CD45+ cells was 6.7% for the CD90+CD45RA-transplants compared to 7.1% for the CD90-CD45RA-transplants ( Figure 4B ). Because different cell numbers were used in each of these transplantation experiments, the engraftment per 100 transplanted cells was determined. The CD90+CD45RA-engrafted mice averaged 7 fold greater human chimerism and 7 fold greater human myeloid cells than the CD90-CD45RA-engrafted mice ( Figure 4C ). The difference in human chimerism was statistically significant with p=0.02, while the difference in human myeloid cells approached statistical significance with p=0.08.
Analysis of the bone marrow of transplanted mice revealed human myeloid and B cells 12 weeks after transplantation of CD90+CD45RA-and CD90-CD45RA-cells ( Figure 5A ). No human cells were detected in the bone marrow of mice transplanted with the CD90-CD45RA + population (data not shown). Cumulative data showed that 8 of 8 mice (100%) transplanted with CD90+CD45RA-cells, and 8 of 9 mice (89%) transplanted with CD90-CD45RA-cells contained human CD45+ cells in the bone marrow at least 12 weeks after transplantation ( Figure 5B ). In the engrafted mice, the average human chimerism was 19.9% for the CD90 +CD45RA-transplants compared to 4.4% for the CD90-CD45RA-transplants; the percent myeloid of total human CD45+ cells was 24.3% for the CD90+CD45RA-transplants compared to 26.6% for the CD90-CD45RA-transplants ( Figure 5B ). In order to normalize for cell number, bone marrow engraftment per 100 transplanted cells was determined. The CD90 +CD45RA-engrafted mice averaged 9 fold greater human chimerism and 9 fold greater human myeloid cells than the CD90-CD45RA-engrafted mice ( Figure 5C ). The difference in human chimerism was statistically significant with p=0.001, while the difference in human myeloid cells approached statistical significance with p=0.07.
Analysis of the spleens of CD90+CD45RA-and CD90-CD45RA-transplanted mice identified human CD45+ cells consisting of rare myeloid cells, numerous B cells, and occasional T cells. No human cells were detected in the spleens of mice transplanted with CD90-CD45RA+ cells. Significant numbers of T cells were detected in only a subset of mice transplanted with either engrafting population (Supplementary Figure 2) . Determining splenic engraftment per 100 transplanted cells revealed that CD90+CD45RA-engrafted mice averaged 7 fold greater human chimerism than the CD90-CD45RA-engrafted mice, and this difference was statistically significant; however, no statistically significant difference was detected in the T cell percentage (Supplementary Figure 2B) . Finally, bone marrow from mice engrafted with CD90-CD45RA-cells was found to contain GPA-positive human erythroid cells and CD61/ CD41-positive human platelets (data not shown), indicating that these cells are multipotent.
To investigate the minimum number of cells required for successful engraftment, 50 or 70 CD90-CD45RA-or CD90+CD45RA-cells were double FACS-purified from 2 independent cord blood samples and transplanted into NOG mice. At least 11 weeks later, bone marrow was analyzed for human engraftment. All mice (n=4) transplanted with CD90+CD45RA-cells contained human myeloid and B cells, while no mice (n=5) transplanted with CD90-CD45RA-cells did ( Figure 5D ). This difference was statistically significant with p=0.008. One of the CD90-CD45RA-transplanted mice did contain a small population (0.2%) of human T cells, indicating that it must have engrafted at an early time point. To directly investigate early engraftment, 50 double FACS-purified cells were transplanted into NOG newborn mice. 4 weeks later, bone marrow of all transplanted mice, both CD90+CD45RA-(n=2) and CD90-CD45RA-(n=2), contained human myeloid and B cells.
In summary, both the CD90+CD45RA-and CD90-CD45RA-subpopulations are capable of establishing long-term in vivo multipotent human hematopoiesis, with similar percentages of myeloid and lymphoid cell production. However, the CD90-CD45RA-cells have a lower engraftment capacity as they require transplantation of more cells for long-term engraftment and generate fewer human cells per cell-equivalent transplant.
In Vivo Analysis of Human CD34+ Cells Identifies a Hierarchy Among the CD90/CD45RA Subpopulations
In order to assess the hierarchical relationships among the CD90/CD45RA subpopulations in vivo, human CD34+ progenitor cells from the bone marrows of engrafted mice were analyzed 12 weeks after transplantation. In mice transplanted with CD90+CD45RA-cells the bone marrow contained, on average, 6.4% human CD34+ cells compared to 1.3% human CD34+ cells in mice transplanted with CD90-CD45RA-cells ( Figure 6A) . CD34+ engraftment per 100 transplanted cells averaged 8 fold greater in CD90+CD45RA-engrafted mice than CD90-CD45RA-engrafted mice, and this difference was statistically significant ( Figure 6B ). This 8 fold statistically significant difference was also present when comparing the percentage of Lin-CD34+ cells in total bone marrow (data not shown). Within the engrafted Lin-CD34+ fraction, there were no differences between CD90+CD45RA-and CD90-CD45RA-engrafted mice with respect to the percentages of CD34+CD38+ or CD34+CD38-cells ( Figure 6A ). Thus, CD90-CD45RA-cells appear to be able to generate progenitor cells in similar proportions to CD90 +CD45RA-cells, but are less efficient in doing so in vivo.
Human Lin-CD34+CD38-cells in the bone marrow of engrafted mice were also analyzed for the expression of CD90 and CD45RA. All three CD90/CD45RA subpopulations were detected in the bone marrow of mice transplanted with CD90+CD45RA-cells; however, only the two CD90-subpopulations were detected in mice transplanted with CD90-CD45RA-cells ( Figure  6 C, D) . In some mice transplanted with CD90-CD45RA-cells, only CD90-CD45RA+ cells were detected. Together, these data establish an in vivo differentiation hierarchy among Lin-CD34+CD38-cord blood cells proceeding from CD90+CD45RA-to CD90-CD45RA-to CD90-CD45RA+ cells.
Enrichment of Secondary Transplant Ability in the CD90+CD45RA-Subpopulation
Self-renewal is the key property distinguishing HSC from MPP, and is defined by the ability to sustain long-term hematopoiesis and generate successful secondary transplants. Since both the CD90+CD45RA-and CD90-CD45RA-subpopulations demonstrated the ability to establish long-term in vivo multipotent hematopoiesis, we next assessed their ability to generate successful secondary transplants. Human CD34+ cells were purified from whole bone marrow of primary engrafted mice and equal numbers of CD34+ cells were transplanted into NOG newborn mice. Bone marrows from these secondary recipients were analyzed at least 10 weeks after transplantation. In one experiment, 130,000 human CD34+ cells were transplanted into secondary recipients. Human CD45+ cells and human myeloid cells were detected in 8 of 8 mice (100%) from CD90+ primary transplants, but only 2 of 5 mice (40%) from CD90-primary transplants (Figure 7 A,B) . In a second experiment, 70,000 human CD34+ cells were transplanted into secondary recipients. Human CD45+ cells and human myeloid cells were detected in 4 of 4 mice (100%) from CD90+ primary transplants, but only 1 of 3 mice (40%) from CD90-primary transplants (Figure 7 A,C) . This difference, 12 of 12 (100%) for CD90+ versus 3 of 8 (37.5%) for CD90-, was statistically significant with p=0.004. These data indicate that the CD90+CD45RA-subpopulation is enriched for the ability to generate successful secondary transplants compared to the CD90-CD45RA-subpopulation.
DISCUSSION
HSC are defined by two key functional properties: (1) multipotency, defined as the ability to form all differentiated blood cells, and (2) long-term self-renewal, defined as the ability to give rise to progeny identical to the parent through cell division. It is this property of self-renewal that distinguishes HSC from multipotent progenitors, and is experimentally demonstrated through the ability to generate successful secondary transplants. We show here that both CD90 +CD45RA-and CD90-CD45RA-cord blood cells are able to establish long-term multipotent hematopoiesis in vivo, and that the CD90+CD45RA-subpopulation is enriched for the ability to generate successful secondary transplants. We conclude that the CD90+CD45RA-subpopulation contains HSC, while the CD90-CD45RA-subpopulation contains candidate multipotent progenitors. This represents the first identification and prospective isolation of a population of candidate human multipotent progenitors.
Both the CD90+CD45RA-and CD90-CD45RA-cells are able to establish multipotent longterm human hematopoiesis in vivo; however, the CD90-CD45RA-subpopulation requires more cells to accomplish this as indicated by the failure of 50 and 70 cell transplants to long-term engraft, unlike the CD90+CD45RA-subpopulation which engrafts long-term with as few as 10 cells. There are three possibilities to explain these results. First, it is possible that the CD90-CD45RA-cells are contaminated with infrequent CD90+CD45RA-cells, as CD90 expression is present on a continuum and not separable into discrete subpopulations. The second alternative is that the CD90-CD45RA-cells do contain HSC, but at a lower frequency than the CD90+CD45RA-cells. Third, the CD90-CD45RA-cells may have reduced capacity to home to the bone marrow, which could account for the in vivo functional differences observed, although this would not account for the differences in methylcellulose colony replating. Ultimately, our data do not discriminate among these three possibilities. Nevertheless, the fact that 50 CD90-CD45RA-cells show myeloid and B lymphoid engraftment at 4 weeks, but not 12 weeks, indicates that this fraction contains non-HSC multipotent cells. Thus, we have demonstrated that CD90-CD45RA-cells are multipotent, exhibit a reduced and incomplete capacity for self-renewal, and lie downstream of CD90+CD45RA-cells in the hematopoietic hierarchy. We conclude that CD90-CD45RA-cells are a candidate multipotent progenitor.
Hematopoiesis proceeds through an organized hierarchy in which lineage potential becomes increasingly restricted and a given population can only give rise to downstream populations. We investigated the hierarchical relationships between the CD90/CD45RA subpopulations of Lin-CD34+CD38-cord blood and found that both in vitro and in vivo, the CD90+CD45RA-population gives rise to itself and both the CD90-CD45RA-and CD90-CD45RA+ subpopulations. CD90-CD45RA-cells do not give rise to CD90+ cells, but can form both CD90-subpopulations. In vitro the CD90-CD45RA+ cells give rise principally to itself only. These results establish a hierarchy among Lin-CD34+CD38-cord blood cells in which CD90 +CD45RA-cells are upstream of CD90-CD45RA-cells, which are upstream of CD90-CD45RA+ cells (Supplementary Figure 4) . Several investigators have reported long-term engraftment with Lin-CD34+CD38-/lo cord blood cells. As CD38 exhibits a continuum of expression on Lin-CD34+ cells, it is possible that some CD38lo cells were included in our purified subpopulations. Additional xenotransplantation experiments will be necessary to determine the function and hierarchical relationship of Lin-CD34+CD38lo cord blood cells to our defined subpopulations.
CD90 and CD45RA identify a third population within the Lin-CD34+CD38-fraction of cord blood and bone marrow, the CD90-CD45RA+ subpopulation. The experiments outlined here to identify the differentiation and self-renewal potential of this population were unsuccessful. Transplantation with up to 900 of these cells does not result in any circulating human hematopoietic cells at 4 weeks after transplantation, and there are no detectable human cells in the bone marrow at 12 weeks. It is possible that in vivo functional engraftment of this population will require transplantation of many more cells than performed here, which was limited by the lower frequency of this population in cord blood. Furthermore, these cells have extremely poor methylcellulose colony forming ability, yielding only 6 colonies from 180 plated cells, suggesting that they possess limited myeloid differentiation potential. These cells also did not proliferate in liquid culture under conditions able to promote the growth of the other two subpopulations. It is interesting to note, that cells with this immunophenotype can be found within the bone marrow of mice engrafted with either the CD90+CD45RA-or CD90-CD45RA-subpopulation. Thus, it is likely that they contribute to ongoing human hematopoiesis, but at this time cannot be placed within the hematopoietic hierarchy (Supplementary Figure 4) .
Numerous xenotransplantation experiments have reported the successful enrichment of human HSC activity in Lin-CD34+CD38-/lo fractions of human hematopoietic progenitors through the demonstration of long-term multipotent engraftment and successful secondary transplantation McKenzie et al., 2006) . In published reports, successful secondary engraftment has required primary transplantation of large numbers of cells, minimally thousands and usually many more. We report here long-term in vivo human engraftment and successful secondary engraftment with transplantation of 500 purified Lin-CD34+CD38-CD90+CD45RA-cord blood cells. The major differences between our results and previous reports are: (1) the use of the NOG newborn mice, which appear to be well-suited for human hematopoietic engraftment, and (2) the combination of Lin-CD34+CD38-CD90 +CD45RA-markers for HSC purification. With this immunophenotype and xenotransplantation assay, we have directly isolated cord blood HSC activity to fewer cells than in previous reports.
Implications for Human Acute Myeloid Leukemia
Analogous to normal hematopoiesis, human acute myeloid leukemia (AML) is organized as a hierarchy initiated by leukemia stem cells (LSC) that are able to self-renew and give rise to all the cells within the leukemia (Tan et al., 2006; Wang and Dick, 2005) . In a series of xenotransplantation experiments, Dick and colleagues first demonstrated the existence of human AML LSC and localized them to the Lin-CD34+CD38-fraction of AML Lapidot et al., 1994) . Based on these observations, they have proposed a model in which HSC are the cell of origin for AML LSC (Wang and Dick, 2005) . However, subsequent experiments indicated that AML LSC, unlike HSC, do not express CD90 (Blair et al., 1997; Miyamoto et al., 2000) . There are two hypotheses to account for this difference: (1) AML LSC are indeed derived from HSC, but have aberrantly lost expression of CD90, or (2) AML LSC do not derive from HSC but instead come from a downstream progenitor that lacks expression of CD90.
Evidence supporting the second hypothesis comes from our previous studies of AML1-ETO translocation-associated AML in atom bomb survivors from Hiroshima (Miyamoto et al., 2000) . Similar to other investigators, we found that the AML LSC were contained in the Lin-CD34+CD38-CD90-fraction (Blair et al., 1997; Miyamoto et al., 2000) . However, when the bone marrow of long-term disease-free survivors was examined, the AML1-ETO translocation was detected in Lin-CD34+CD38-CD90+ non-leukemic HSC. This demonstrates that preleukemic genetic changes can take place within HSC, but ultimate transformation to AML LSC requires additional mutations that do not occur in HSC, but instead take place in a CD90-downstream population. We now present evidence identifying this CD90-downstream population as MPP.
Why does this matter? If the normal counterpart to long-term self-renewing AML LSC is not capable of long-term self-renewal itself, then AML LSC must have undergone mutational or epigenetic activation of a self-renewal pathway. These changes, when identified, become potential targets for therapeutic intervention to eradicate the LSC. Evidence for aberrant activation of self-renewal in LSC comes from our previous studies of human blast crisis CML, where normally non-self-renewing cells transform into LSC in part through activation of the Wnt/beta-catenin pathway (Jamieson et al., 2004) . Through comparisons between AML LSC and the newly identified MPP, we hope to identify genetic and/or epigenetic events than lead to the transformation of MPP into AML LSC.
EXPERIMENTAL PROCEDURES Human Samples
Normal human bone marrow mononuclear cells were purchased from AllCells Inc. (Emeryville, CA). Human cord blood was collected from placentas and/or umbilical cords obtained from the Stanford Medical Center, according to an IRB-approved protocol (Stanford IRB# 4637). Mononuclear cells were prepared using Ficoll-Paque Plus (GE Healthcare, Fairfield, CT), and cryopreserved in 90% FBS/10% DMSO. All experiments were conducted with cryopreserved cord blood cells that were thawed and washed with IMDM containing 10% FBS. In some cases, CD34+ cells were enriched using MACS (Miltenyi Biotec, Germany) or Robosep (Stem Cell Technologies, Canada) immunomagnetic beads.
Flow Cytometry Analysis and Cell Sorting
A panel of antibodies was used for analysis and sorting of progenitor subpopulations, as well as lineage analysis of human chimerism/engraftment, and used to stain cell suspensions (Supplementary Methods). Cells were either analyzed or sorted using a FACSAria cytometer (BD Biosciences). Analysis of flow cytometry data was performed using FlowJo Software (Treestar, Ashland, OR) . Raw engraftment data is provided in Supplementary Figure 3 . Statistical analysis using Student's t-test or Fisher's exact test was performed with Microsoft Excel and/or GraphPad Prism (San Diego, CA) software.
In Vitro Assays: Cytology, Methylcellulose, and Liquid Culture
For cytologic analysis, sorted cells were centrifuged onto slides using a Shandon Cytocentrifuge 4 (Thermo Scientific, Waltham, MA), and stained with Wright-Giemsa. Photomicrographs were taken using a 100x objective under oil.
Methylcellulose colony formation was assayed by clone-sorting single cells into individual wells of a 96-well plate, each containing 100 ul of complete methylcellulose (Methocult GF+ H4435, Stem Cell Technologies). Plates were incubated for 12-14 days at 37°C, then scored based on morphology. All colonies were harvested, dissociated by resuspending in sterile PBS, and replated into individual wells of a 24-well plate, each containing 500 ul of complete methylcellulose. Plates were incubated for 12-14 days at 37°C, after which replating was determined by assessing colony formation. Statistical analysis using Student's t-test was performed with Microsoft Excel and/or GraphPad Prism (San Diego, CA) software.
In vitro proliferation was assayed by clone-sorting single cells into individual wells of a 96-well plate, each containing 100 ul of StemSpan media (Stem Cell Technologies), supplemented with 40 ug/ml human LDL (Sigma-Aldrich) and cytokines (R&D Systems, Minneapolis, MN): 100 ng/ml Flt-3 ligand, 100 ng/ml SCF, 50 ng/ml TPO, 20 ng/ml IL-3, and 20 ng/ml IL-6. Plates were incubated for 14 days at 37°C, after which live cells were counted by trypan blue exclusion. For in vitro differentiation assays, cells were sorted in bulk into this same culture media and incubated for 3-4 days at 37°C, after which cells were harvested and analyzed by flow cytometry. Statistical analysis using Student's t-test was performed with Microsoft Excel and/or GraphPad Prism (San Diego, CA) software.
Mouse Transplantation
NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ mice (NOG) were obtained from The Jackson Laboratory (Bar Harbor, ME) and bred in a Specific Pathogen-Free environment per Stanford Administrative Panel on Laboratory Animal Care guidelines (Protocol 10725). P0-P2 newborn pups were conditioned with 100 rads of gamma irradiation up to 24 hours prior to transplantation (Ishikawa et al., 2005) . Desired cells were resuspended in 20-40 ul of PBS containing 2% FBS and transplanted intravenously via the anterior facial vein using a 30 or 31 gauge needle. For secondary transplants, human CD34+ bone marrow cells from primary engrafted mice were enriched using MACS immunomagnetic beads (Miltenyi Biotec), and transplanted into newborn NOG recipients.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. All colonies derived from individual cells were harvested, dissociated, and replated in complete methylcellulose. 12-14 days later, the formation of new colonies was scored based on morphology. 42 out of 62 (70%) of CD90+CD45RA-, 23 out of 70 (33%) of CD90-CD45RA-, and 0 out of 6 (0%) of CD90-CD45RA+ colonies formed new colonies upon replating. The difference in replating efficiency between CD90+CD45RA-and CD90-CD45RA-was statistically significant (p=0.003). Data presented is the average of 3 independent experiments with the indicated SEM. C. In vitro proliferation 20 cells of each CD90/CD45RA subpopulation were clone sorted into individual wells of a 96 well plate containing serum-free media supplemented with human LDL and cytokines. After 2 weeks in culture, cells were harvested and live cells counted by trypan blue exclusion. The difference between the CD90+CD45RA-and the CD90-CD45RA-subpopulations was statistically significant (p=0.007). Data is representative of 3 independent experiments. D. In vitro hierarchical relationships among CD90/CD45RA subpopulations CD90/CD45RA subpopulations were sorted in bulk into serum-free media supplemented with human LDL and cytokines. Cells were cultured for four days and then re-analyzed by flow cytometry. All plots shown are gated on Lin-CD34+CD38-cells; the left panels show the cell input; the right panels show the cells after four days in culture. Data shown is representative of 3 independent experiments. A. In vivo engraftment of 100 or 10 CD90+CD45RA-cells 100 or 10 FACS-purified CD90+CD45RA-cells were transplanted into NOG newborn mice as described. 12 weeks later peripheral blood and/or bone marrow was harvested and analyzed by flow cytometry for the presence of human CD45+ hematopoietic cells, myeloid cells (hCD45+CD13+), and B lymphoid cells (hCD45+CD19+) cells. The right plots are gated on human CD45+ cells. B. Wright-Giemsa stained cytospin preparations from CD90+CD45RA-engrafted mice Human CD45+ cells were purified by FACS from peripheral blood (panels 1-3) or bone marrow (panel 4) of mice engrafted with CD90+CD45RA-cells. In the peripheral blood, (1) lymphocytes, (2) neutrophils, and (3) monocytes were detected; in the bone marrow (4) lymphocytes and maturing myeloid cells were detected. (100x) A. Peripheral blood engraftment and lineage analysis of CD90/CD45RA transplanted mice 500 FACS-purified cells of each CD90/CD45RA subpopulation: CD90+CD45RA-(top panels), CD90-CD45RA-(middle panels), and CD90-CD45RA+ (bottom panels), were transplanted into NOG newborn mice as described. 12 weeks later peripheral blood was harvested and analyzed by flow cytometry for the presence of human CD45+ hematopoietic cells, myeloid cells (hCD45+CD13+), and B lymphoid cells (hCD45+CD19+) cells. The right plots are gated on human CD45+ cells. 
